This study was conducted with 330 Form 4 (grade 10) students (aged 15 -16 years) who were involved in a course of instruction on electrolysis concepts. The main purpose of this study was to (1) to assess high school chemistry students' understanding of 19 major principles of electrolysis using a recently developed two-tier multiple-choice diagnostic instrument, the Electrolysis Diagnostic Instrument, EDI, and (2) to assess students' confidence levels in displaying their knowledge and understanding of these electrolysis concepts. Analysis of students' responses to the EDI showed that they displayed very limited understanding of the electrolytic processes involving molten compounds and aqueous solutions of compounds, with a mean score of 6.82 (out of a possible maximum of 17).
Introduction
Chemistry is one of several subjects that high school students in Malaysia study over a period of two years in Forms 4 and 5 (grades 10 and 11) in preparation for the Malaysian Certificate of Education Examination. This study involved Form 4 (grade 10) students who commenced learning chemistry in addition to biology, physics, and mathematics subjects that were all taught in English at the time of conducting the research (although instruction in all other subjects was in the national language).
Research continues to investigate students' understanding of electrochemistry concepts (Schmidt, Marohn & Harrison, 2007 ) and reviews of past work have been documented in the extant research literature (for example by De Jong & Treagust, 2002) .
Despite the scientifically inappropriate conceptions held by students that have been identified in these studies, there is no record of any study that deals purely with electrolysis concepts. Although it is good for students to know about electrochemistry in general, the Malaysian chemistry syllabus places great emphasis on electrolytic processes that occur during electrolysis. In addition, there is no convenient-to-use instrument on electrolysis that is available for use by teachers to assess students' understanding of electrolytic concepts. Two-tier multiple-choice diagnostic tests are convenient to administer and easy to mark, and hence serve as useful diagnostic and formative assessment tools in classroom instruction (Treagust, 1995) . Although instruments consisting of two-tier items have been developed in several chemistry topics over the past two decades or so (Treagust & Chandrasegaran, 2007) , no similar assessment instrument on electrolysis has been focused purely on the development of a two-tier multiple-choice diagnostic test involving electrolysis only. As a result, the previous studies referred to have only been able to address limited aspects of electrolysis because these studies involved electrolytic and electrochemical cells as well. The instruments that were used in these studies were therefore of limited relevance as the course content on electrolysis is quite extensive. In order to fill this void we developed a two-tier multiple-choice diagnostic instrument on electrolysis concepts, the Electrolysis Diagnostic Instrument (EDI), consisting of 17 items (Sia, 2010) . Furthermore, despite being convenient to administer and easy to mark, the development of two-tier multiple-choice items involves a series of elaborate timeconsuming stages, 10 steps in all (Treagust, 1988 (Treagust, , 2005 
, that includes soliciting students' responses to open-ended questions and justifications for selection of responses to multiple-choice items (see Figure 1).
The main purpose of this study was to assess high school students' understandings of basic electrolysis concepts following instruction, as well as to assess their level of confidence in supporting their understandings. The information collected in this manner will provide teachers and curriculum writers clearer insight into students' understanding of basic electrolysis concepts so that they will be able to develop appropriate teaching strategies and materials to help students better understand these concepts. Knowledge of students' confidence levels when responding to the questions would provide teachers with information on the efficacy of the classroom instruction (in addition to students' performance) that had taken place.
Theoretical background
Students bring to their science classes, pre-instructional conceptions that could interfere with their understanding of new concepts that are taught (Duit, 2009) . Students find electrochemistry difficult to master because 'they cannot observe or imagine what happens in the microscopic level in an electrochemical reaction ' (Yochum & Luoma, 1995, p. 55) .
Inappropriate understandings of electrolysis concepts that are held by students have been widely reported in several studies in the research literature (De Jong & Treagust, 2002; Schmidt, et al., 2007) . Often these conceptions are deeply ingrained in students' cognitive structures and are difficult to change (Duit & Treagust, 1998; Tytler, 2002) .
In addition, there is a tendency for students to rote learn facts and principles related to a concept without clear understanding of the concept. In such instances students are unable to apply their understanding in a different context that involves the same concept. Ausubel (1968) contrasted meaningful learning with rote learning. The learner must want to learn meaningfully and must possess the prior knowledge relating to the concept. This is important because it links students' preinstructional conceptions to subject-matter knowledge in order to achieve meaningful learning (Ausubel, 1968; Jung, 1993; Tytler, 2002) .
As a result of students not being able to learn science concepts meaningfully, i.e. with understanding, it is not surprising that several alternative conceptions about electrolysis concepts have been identified. Treagust (1992a, 1992b ) for example, have reported scientifically inappropriate understandings about the electrodes in electrolytic cells: the anode is negatively charged and so attracts cations, while the cathode is positively charged and thus attracts anions. In another study by Sanger and Greenbowe (1997) students have suggested that when identical electrodes are used in electrolysis the same reactions would occur at both the electrodes. Further evidence for the incidence of students' alternative conceptions in electrolysis has been identified in a study by Acar and Tarhan (2007) . In their study on electrochemistry involving Form 4 (grade 10) students, they have identified several alternative conceptions about electrolysis in particular that were displayed by the students. These included: (1) The polarity of the terminals of the applied voltage has no effect on the site of the anode and cathode; (2) Water does not affect the products of the electrolysis of aqueous solutions; (3) The products of electrolysis of a molten salt and its aqueous solution are the same; (4) When identical electrodes are used in electrolysis the products are the same at both electrodes.
Other factors that influence students' success in learning are their beliefs about the nature of science (Pintrich, Marx, & Boyle, 1993) as well as students' attitudes towards their learning environment (Duit & Treagust, 2003; Fraser, Giddings, & McRobbie, 1993) .
However, how students' confidence in their knowledge is related to their understanding of particular science concepts in an area has been researched only to a limited extent (Bowen & Roth, 1999) . In an exploratory study, Bowen and Roth found that the confidence high school students had in their own knowledge when answering test questions improved with modeling and encouragement by relatives. Students who were overconfident in their answers suggested that they probably did not re-examine the material that they were studying or reflecting upon, something that all teachers want their students to do. It is likely that students would respond very positively about their confidence in answering questions merely to please their teachers to show them that they have understood all that was taught. However, if the intention for soliciting their confidence levels is made very clear at the outset, we do not believe that students would respond in this manner as by doing so it would only be to their detriment; their teachers would then not see the need to provide in-depth remedial support to the students who have not thoroughly grasped the concepts.
In a study involving a test to assess 8th grade Taiwanese students' knowledge about acids and bases, girls were found to score higher marks than boys, were more confident in their knowledge and were more open about expressing different levels of confidence in the test items (Jack, Liu, Chiu & Tsai, 2011) . 
Purpose and significance of the study
The main purpose of this study was to (1) to assess Form 4 (grade 10) chemistry students' (15 to 16 years old) understanding of the basic concepts of electrolysis using a two-tier multiple-choice diagnostic instrument (the EDI), and (2) to assess students' confidence levels in displaying their knowledge and understanding of electrolysis concepts. This study would be of interest to high school teachers as the focus is on enabling them to first assess understanding of the basic concepts of electrolysis instead of introducing cognitive overload in students by requiring them to consider both electrolytic and galvanic cells at the same time. This study is significant because apart from merely assessing students' understanding of particular science concepts by identifying alternative conceptions that are held by students, the study goes a step further by assessing consistency in students' understanding of various electrolysis concepts in different contexts. The findings of this study, particularly with respect to consistency in students' understanding of electrolysis concepts, will enable comparisons to be made internationally as this topic is an essential component of most high school chemistry curricula.
Research methodology

Research design and sample
The study used a mixed quantitative-qualitative method (Merriam, 1998), involving 330
Form 4 (grade 10) students (aged 15 -16 years) from 11 classes in three high schools in Kuching, Malaysia. The students and teachers involved in the study were convenience samples as the first author was previously a chemistry teacher in Kuching and the six teachers who taught the 11 classes were known to her. Quantitative data was in the form of students' achievement scores on the pilot and final versions of the EDI; qualitative data were obtained through analysis of students' written justifications for selecting particular options from the original multiple-choice items. The chemistry classes were taught by six teachers who had at least three years experience teaching the subject. Class sizes in the three schools (referred to as Schools X, Y and Z) ranged from 14 -41 students with an average of 30 students per class.
Syllabus and teaching program
The teaching program on electrolysis was designed based on the chemistry syllabus developed by the Curriculum Development Division (Malaysian Ministry of Education, 9 2008). An extract from the chemistry syllabus pertaining to the electrolysis topic is listed below:
 The meaning of electrolyte, and electrical conductivity.
 Electrolysis of molten compounds, aqueous solutions.
 Identification of cations and anions, describing the electrolytic process, writing half equations for the discharge of ions at anode and cathode, and predicting the products from the electrolysis of other molten compounds or aqueous solutions. Formative assessment to ascertain students' understanding was incorporated during the course of instruction over the six weeks using mainly Socratic questioning techniques and by facilitating group discussions. Students' understanding of basic electrolysis concepts was assessed as summative assessment at the end of instruction in the topic using a diagnostic test (the EDI) described below. In addition, for each item in the EDI, students were also requested to suggest their level of confidence in arriving at their responses to the items on a Likert-type scale of 1 to 5 ranging from 'not at all confident' to 'totally confident'.
Development of the Electrolysis Diagnostic Instrument (EDI)
Students' understanding of electrolysis concepts involving molten compounds and aqueous solutions of compounds was ascertained using the Electrolysis Diagnostic Instrument (EDI).
The development of the EDI first involved three major procedures to limit and specify the subject content related to electrolysis (Sia, 2010) : (1) extraction of parts of the Malaysian School Certificate chemistry syllabus relevant to electrolysis referred to above, (2) formulating 41 propositional content knowledge statements about the electrolysis topic in the chemistry syllabus, and (3) development of a concept map to relate the propositional knowledge statements. Based on the propositional knowledge statements, 19 basic principles of electrolysis involving molten and aqueous solutions of compounds were identified (see Table 2 ). The literature was reviewed to determine students' knowledge and alternative conceptions in topics related to electrolysis. Subsequent stages in the development of the EDI are summarised in the flow diagram in Figure 2 .
Insert Figure 2 about here
The EDI consisted of 17 two-tier multiple-choice items and was administered after students had completed a course of instruction on electrolysis based on the national chemistry curriculum. The first tier of the multiple-choice items solicited students' knowledge of particular electrolysis concepts; the second tier required students to select a reason for their choice of response to the first tier. An item was considered to be correctly answered if responses to both tiers were correct. Two examples of the two-tier multiple-choice items from the EDI are provided in Figure 3 . The complete instrument with 17 items is available as online resource.
Insert Figure 3 about here
Results and Discussion
Research question 1
In response to research question 1 (How proficient are Form 4 (grade 10) students in understanding electrolysis concepts related to molten and aqueous solutions of compounds?), we decided that students' proficiency will be reflected in their overall test scores and in the extent to which they were able to explain their responses to the test items. This information was obtained by analysing students' responses using the SPSS software package (Version 17).
Students' overall test scores were computed based on the premise that the answer to an item was considered correct only when correct responses were provided to both tiers of the item. The frequency of the total scores achieved by the students is indicated in Figure 4 .
Only four students provided correct responses to both tiers in all 17 items in the diagnostic instrument, while one student was unable to answer any of the items correctly.
Insert Figure 4 about here
Additional statistical data obtained from the SPSS analysis are summarised in 
Insert Figure 5 about here
A Cronbach's alpha reliability analysis performed using the SPSS software program for the 330 cases and 17 items gave a coefficient of 0.85 which is greater than the threshold value of 0.5 quoted by Nunally and Bernstein (1994) , suggesting that the 17 items provided a reliable evaluation of students' understanding of the electrolysis concepts concerned.
It was also found that for all 17 items the percentage of students who correctly answered the first part was higher than the percentage who correctly answered both parts of the two-tier multiple-choice items (see Table 1 ). This tendency is an indication that students may have memorized certain facts relating to electrolysis without sufficient understanding of the concepts involved. A similar general tendency has been identified in several studies relating to the development of two-tier multiple-choice diagnostic instruments (e. g., Chandrasegaran, Treagust & Mocerino, 2007; Tan, Treagust, Chandrasegaran & Mocerino, 2010) .
Insert Table 1 about here
The data indicate that the percentage of students who correctly answered the first-tier of the multiple-choice items ranged from 49% to 91%. The percentage of students who answered both parts of the two-tier items correctly ranged from 19% to 79%.
Research question 2
In response to research question 2 (How consistent are Form 4 (grade 10) students in displaying understanding of the basic principles related to the electrolysis of molten and aqueous solutions of compounds in different contexts?), students' consistency in understanding of a particular principle that was assessed by more than one item in the EDI was computed. With the exception of principles 1, 8, 12, 13, 14, 16 and 17 that were assessed by only one item each, understanding of all the other principles were assessed by two or more items. The list of the 19 basic principles of electrolysis of molten and aqueous compounds as well as consistency in students' understanding of the 12 principles is summarised in Table 2 .
Insert Table 2 about here
It is evident from the data in Table 3 that students generally displayed very limited understanding of electrolysis principles with less than 20% of students displaying consistent understanding of 10 out of the 12 principles that were assessed by more than one item. These principles involved understanding of the (1) anode and cathode in electrolytic cells, (2) ions present in a molten electrolyte, (3) ions present in an aqueous electrolyte, (4) direction of migration of ions in molten/aqueous electrolytes, (5) neutralisation of the ions at the electrodes in a molten electrolyte, (6) products at the electrodes when a molten compound is electrolysed, (7) products at the electrodes when a dilute aqueous solution of a compound is electrolysed using inert electrodes, (8) selective discharge of ions from aqueous solutions of compound during electrolysis, (9) changes in concentration of an aqueous solution of an electrolyte during electrolysis using inert electrodes, and (10) changes to an electrode during electrolysis.
A higher percentage of students (35%) displayed consistent understanding about the (1) rust prevention of an object by electroplating with metals like nickel, silver and chromium, and (2) formation of a strongly-adhering coating on an electroplated object by electroplating metals like nickel, silver and chromium.
Even when a principle was assessed by just a single item (principles 1, 8, 12, 13, 14, 16 and 17) the percentage of students who displayed scientifically acceptable understandings of six of the seven the principles involved ranged from 19% -44% . The only exception was the scientifically acceptable understanding of the differences between electrolytes and nonelectrolytes that was displayed by 79% of the students.
Research question 3
In order to answer this research question (How confident are Form 4 (grade 10) students in responding to the 17 items in the EDI?) students were required to indicate their level of confidence in answering each of the items. They responded by making a selection on a Likert-type scale of 1 to 5 that ranged from 'not at all confident' to 'totally confident'.
In all items (except Item 1) the percentage of students who were confident that they had selected the correct answer to an item was higher than the actual percentage of students who correctly answered the corresponding item (see Table 3 ). This tendency may in part be attributed to students' general unfamiliarity with being asked to justify their choice of responses to multiple-choice items. These data are represented graphically in Figure 6 .
Insert Table 3 Students were more confident in arriving at the answers for the rest of the items probably as a result of several factors, like keeping up-to-date with their work and persistently trying out similar problems to achieve success. Chan and Mousley (2005) found that most of the students in their study felt "a need to practice sufficient examples before they developed adequate confidence and curiosity for more independent and diverse ways of 15 solving problems" (p. 223). Another possible factor could be the encouraging and patient teachers who had always been generous with positive evaluative feedback that is essential for students to achieve better results. This type of positive evaluative feedback involving verbal persuasion is supported by Dalgety, Coll and Jones (2003) who found that during high school, students developed attitudes and efficacy beliefs toward chemistry that they carried with them to their tertiary-level studies. In the classroom, the students could have modelled the teachers' methods of arriving at the correct answers besides getting help from their friends (Bowen & Roth, 1999) .
Conclusions and implications for instruction and research
The findings of this study based on the three research questions that were formulated at the outset are summarised as follows: Twelve of these principles were incorporated in two or more of the items, while seven of the principles were assessed by a single item each. Less than 20% of students displayed 16 consistent understanding of 10 out of the 12 principles that were assessed by more than one item. For six of the seven principles that were assessed by a single item, only 19% -44% of students displayed scientifically acceptable understandings about electrolysis.
Research question 3: How confident are Form 4 (grade 10) students in responding to the 17 items in the diagnostic instrument?
In all items (except Item 1) the percentage of students who were confident that they had selected the correct answer to an item was higher than the actual percentage of students who correctly answered the corresponding item. This tendency may in part be attributed to students' general unfamiliarity with being asked to justify their choice of responses to multiple-choice items in their normal course of study.
It is vital for students to get access to correct sources of information in textbooks. Chiu (2007) found that for high school students, the teachers' instruction, textbooks, and teaching materials were the main sources of student conceptions in chemistry. Teachers should help select the teaching materials such as the appropriate use of models, illustrations, and definitions of new terminology to help students learn chemistry concepts more effectively.
The special language of chemistry poses problems to the learners (Boo, 1998; Fensham, 1994; Gabel, 1999) . In classrooms, often no distinction is made between the scientific meaning and the commonplace meanings of vocabulary such as precipitation, energy, or bond (Boo, 1998; Fensham, 1994) . Confusion and frustration arise when teachers and textbooks use everyday vocabulary in explanations of chemical phenomena assuming that students understand the chemical meanings of the terms being used (Nakhleh, 1994; Schmidt, 1997) . Therefore careful choice of language is very important in the teaching of chemistry. As Andersson (1986) has stressed, lacking the appropriate framework, students may misinterpret the words of teachers and textbook authors giving rise to alternative conceptions. Treagust and Chittleborough (2001) also discussed the difficulties experienced by students in comprehending the specialised language used in chemistry and distinguishing it from the everyday meanings of identical or similar terms.
Students might find the reactions involved in electrolysis difficult to understand because they involve "abstract and formal explanations of invisible interactions between particles at a molecular level" (Carr, 1984, p. 97) . Nakhleh and Krajcik (1994) explained that in order for a student to engage in chemical reasoning, the student may need to constantly shift between four representational systems, the macroscopic, submicroscopic, symbolic and algebraic, and this causes further difficulties. The use of multimedia animations could further facilitate the understanding of reactions at the submicroscopic level (Chiu & Wu, 2009; Sanger & Greenbowe, 1997a; Yochum & Luoma, 1995) . A study performed by Sanger and Greenbowe (1997a) suggested that "using computer animations depicting chemical reactions on the molecular level and a teaching approach that confronted student misconceptions dramatically decreased the proportion of students consistently demonstrating that electrons can travel through aqueous solutions" (p. 396). The teaching software provided by the Curriculum Division of the Ministry of Education, Malaysia has a good selection of the animations necessary to help the students understand the chemical reactions at the submicroscopic level (or molecular level), such as the electrolysis of dilute sulphuric acid using carbon electrodes and the purification of copper metal using copper(II) sulphate solution. This study did not investigate the teaching strategies used by the teachers in the classrooms, and it was anticipated that the Form 4 (grade 10) chemistry teachers were able to guide their students to understand the electrolysis concepts at the submicroscopic level.
Nevertheless, Treagust and Chittleborough (2001) cautioned that by "simply having access to computer software and multimedia is not enough to affect students learning and without teacher facilitation the resources may not be used to their full potential" (p. 258).
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The extent of the application of the multimedia software recommended by the Curriculum Division of Malaysia to teach particular concepts of electrolysis and electrochemistry and the strategies of teachers in illustrating the concepts to the students may be of further interest. The use of animations has also been recommended by Sanger and Greenbowe (1997b) and Yochum and Luoma (1995) and has shown to have greatly improved students' understanding of the concepts demonstrated. 
Concepts and Comparing Students' Confidence in Answering the
Item 1
In the two experiments below we would expect the bulb to light up only in Experiment 1. 
Item 14
In the extraction of aluminium by the electrolysis of molten aluminium oxide using graphite electrodes, the graphite anode has to be periodically replaced. Ions present in an aqueous electrolyte (Items 5, 6, 7, 8, 9, 10, 11, 12 and 13) 3 (11) 5 Direction of migration of ions in molten/aqueous electrolyte (Items 2, 3, 4, 9, 10, 11, 12 and 14) 6 (19) 10 Selective discharge of ions from aqueous solution of a compound during electrolysis (Items 5, 6, 7, 10, 11, 12 and13) 5 (16) 11 Changes in concentration of aqueous solution of electrolyte during electrolysis using inert electrodes (Items 5, 7 and 8)
8 (27) 12 Nature of redox reaction at an electrode (Item 9) 32 (106) 13 Choice of appropriate electrodes in electroplating (Item 11) 44 (145) 14 Choice of appropriate electrodes in electro-refining (Item 12) 35 (116) 15 Changes to an electrode during electrolysis (Items 8, 11, 12 and 14) 13 (44) 16 Products at electrodes when a concentrated aqueous solution of a compound is electrolysed using inert electrodes (Item 13) 38 (126) 17 Waste products of electrolysis and effects on the environment (Item 15) 41 (135) 18 Electroplating metals like nickel, silver and chromium prevent the electroplated object from rusting (Items 16 and 17) 35 (108) 19 Electroplating metals like nickel, silver and chromium form a strongly-adhering coating on the electroplated object (Items 16 and 17) 35 (108) NB: With the exception of principles 1, 8, 12, 13, 14, 16 and 17 that were assessed by only one item each, understanding of all the other principles was assessed by two or more items. Each question has two parts: a True-False response section followed by a multiplechoice reason.
31
For each item, you are asked to make one choice from the True-False response section and record your answer in the box provided.
Then choose one of the reasons from the multiple-choice reason section that best matches your answer to the first part of the item and record your answer in the second box.
Remember it is important to select a reason
Finally, record how confident you are in arriving at the answer for the item by writing a number in the third box using the scale below:
Not at all confident 
